Effects of cadmium (Cd) on predator-prey relationships and soil ecological function are poorly understood and there are few methods available to measure soil functional change. Thus, we structured a soildwelling food chain containing the predatory mite Hypoaspis aculeifer and its collembolan prey Folsomia candida to study the effects of Cd exposure for eight weeks in a spiked soil aged for five years. The 15 N labeled litter was added as food to analyze the change in nitrogen (N) transfer content. H. aculeifer reproduction and growth and the survival and reproduction of F. candida were all negatively affected by Cd exposure, and H. aculeifer reproduction was the most sensitive parameter. The sensitivity responses of F. candida and H. aculeifer were different from those using the previous single species test. The results suggest that predatoreprey interactions might influence the toxicity of Cd by predation and food restriction. Cadmium lethal body concentrations of adults and juveniles of F. candida and H. aculeifer juveniles were 500e600, 180e270 and 8e10 mg g À1 , respectively. The content of N transfer from litter to animals in the food chain decreased significantly with increasing soil Cd concentration between 100 and 400 mg kg
Introduction
Soil microarthropods constitute one of the most species-rich components of the soil fauna and play an important role in soil ecosystems (Coleman et al., 2004; Lavelle et al., 2006; Soong et al., 2016) . Thus, they have often served as important ecological receptors in soil ecological risk assessment and their value as indicators of environmental pollution has long been investigated (van Gestel, 2012; Zhao et al., 2013; Stankovic et al., 2014) . So far, indicator systems for soil microarthropods have been built mainly on the basis of single species tests (van Gestel, 2012) . However, through participating in soil ecological processes (e.g. the biogeochemical cycling of carbon and nitrogen), soil organisms are tightly related with each other as a whole and interact intimately in realistic soil ecosystems (Sechi et al., 2014) . When chemical substances produce adverse influence on a species they will likely also affect the other species and soil ecological processes indirectly. It is therefore vital to enhance our knowledge of how chemical substances affect interactions such as predator-prey relationships, competition for resources, beneficial mutualistic interactions and commensalism in the soil food chain/web and soil ecological function (Coleman et al., 2004) . However, only a few studies have involved the effects of chemical substances on the interactions between species and soil ecological function (Scott-Fordsmand et al., 2008; Jensen and Scott-Fordsmand, 2012; Schnug et al., 2014; Sechi et al., 2014) .
Several types of semi-field systems have been used to simulate the processes and interactions of natural situations under controlled conditions to improve our evaluation and understanding of the toxicities of pollutants on the above-mentioned soil faunal species interactions (Schnug et al., 2014) . van Voris et al. (1985) firstly presented a Terrestrial Model Ecosystem (TME) test which exposes an indigenous soil-dwelling species assemblage or community by collecting intact field soil cores to an additional toxicant to evaluate the effects of pollutants under indoor or outdoor conditions. Subsequently, numerous studies have further developed and improved the TME by exposing a mixture of indigenous and added animals or entirely added animals extracted from field soil cores to the contaminated soil (Burrows and Edwards, 2002; Cortet et al., 2006; Scott-Fordsmand et al., 2008; Sechi et al., 2014) . These systems, by employing an indigenous pool of organisms in field intact soil cores, closely resemble the real field ecosystem, but they will inevitably produce large variation and low stability between replicates due to the spatio-temporal heterogeneity of natural soil ecosystems (Heemsbergen et al., 2004) . This may reduce the ability of the statistical tests to discriminate between treatment differences and the repeatability of the results, especially at relatively low concentrations of contaminants. To remedy the gap between gaining more real ecosystem information and lower variability, studies have increasingly focused on soil-multi-species (SMS) test systems which construct a model soil food chain/web (ScottFordsmand et al., 2008; Jensen and Scott-Fordsmand, 2012; Schnug et al., 2014; Sechi et al., 2014) . The constructed systems do not reflect the complete information about organisms in real soil ecosystems but they contain different functional groups of specific organisms representing the soil ecosystem in a simplified way and the basic ecological interactions (e.g. predation, competition). Moreover, the species composition of the test systems can be homogenous and adjusted for different research purposes and concerns and they also enable high reproducibility of tests.
Soil faunal communities make a strong contribution to the functioning of soil ecosystems (e.g. organic matter decomposition, carbon and nitrogen cycling) (H€ attenschwiler and Field, 2005) . However, toxicity tests of soil animals have rarely included relevant functional endpoints due to the availability of only two methods to evaluate soil ecosystem function (Andr e et al., 2009; R€ ombke, 2014) . The most popular classic, well-known, and frequently used method is the litter-bag method mass loss of litter in soil ecosystems is detected (Crossley and Hoglund, 1962; Alchami et al., 2016; Mackintosh et al., 2016) . Nevertheless, this method is relatively time-consuming and laborious, and it is difficult to identify the contribution of the soil fauna or microbial community. An alternative approach is the bait-lamina method (T€ orne, 1990 ) and its frequency of use is currently increasing (R€ ombke, 2014; Klimek et al., 2015) . It is a very simple and rapid means of measuring the feeding activity (and small-scale distribution) of soil fauna to assess changes in function. Compared with the litter-bag method, however, the link between its endpoint (feeding rate) and soil function remains controversial (R€ ombke, 2014) . Hence, there is a pressing need to develop and improve relevant functional methods and endpoints which can be included in toxicity tests of soil animals.
Cadmium (Cd) is a major heavy metal pollutant element in many soils and exhibits high toxicity and non-biodegradability (Nordberg et al., 2015) . The present study constructs a typical soil food chain as the model system to test the ecotoxicity of Cd. The model food chain consists of the collembolan Folsomia candida and the predatory mite Hypoaspis aculeifer. Collembolans are important secondary decomposers in soil ecosystems and H. aculeifer is a pivotal predator of collembolans (Geisen et al., 2015) . The model system was therefore driven by predator-prey relationships. Cadmium cannot exert direct toxicity to the collembolan and predatory mite but may affect them indirectly by altering the numbers of prey or predator. In addition, we used wheat materials isotopically labeled with nitrogen ( 15 N) as food to simulate litter and trace N element transfer. Changes in N recycling can provide direct evidence of changes in soil function (H€ attenschwiler and Field, 2005) . Finally, we compared the differences in sensitivity between the previous single-species and the model food chain test systems. The present study sought to incorporate classic and functional species endpoints based on the model food chain and to develop a new method to assess soil function. We hypothesized (1) that the predator-prey relationship would influence species sensitivities to soil Cd pollution and (2) that Cd pollution might restrict N nutrient transfer in the model food chain.
Materials and methods

Collembolan and predatory mite
The collembolan Folsomia candida is a widespread parthenogenetic microarthropod (Fountain and Hopkin, 2005) and the gamasid mite Hypoaspis aculeifer is a relevant representative and hemiedaphic/eu-edaphic polyphagous predatory mite (Jensen and Scott-Fordsmand, 2012) . The procedures for culturing and synchronizing animals are consistent with the methods of Zhu et al. (2016a) . The ages of F. candida and H. aculeifer were 10e12 and 32e35 days, respectively, in our tests.
Soil and food
A light clay soil (udic-ferrosols) was collected from the top 15 cm of the soil profile in a forest at Yingtan city, Jiangxi province, southeast China. Before use the soil was air dried at ambient temperature in the shade and sieved through a 2-mm mesh. Selected physico-chemical properties of the soil were as follows: pH
. Cadmium nitrate was dissolved in deionized water to obtain a stock solution of Cd (10 g Cd kg À1 ). 0, 0.625, 1.25, 2.5, 5, 10 and 20 mL Cd stock solution were mixed with 500 g dry soil to produce a series of Cd spiked soils. Nominal concentrations in the soil were accordingly 0, 12.5, 25, 50, 100, 200 and 400 mg Cd kg À1 dry soil. The moisture content of the spiked soil was adjusted to 50% of water holding capacity (WHC) and the spiked soil was aged in sealed plastic containers at 20 ± 2 C over five years. During the aging of the soil deionized water was added at monthly intervals to maintain the moisture content. The study employed 15 N-labeled (5.54 ± 0.07 atom %) dried wheat-straw powder N content 2.18 ± 0.05%, Cd concentration 0.41 ± 0.12 mg kg
À1
. The procedure of Zhu et al. (2016a) using 15 Nlabeled wheat as food was followed to simulate litter.
Cadmium exposure assay
The ecotoxicity test was performed in plastic containers (5 cm high, 5.5 cm inner diameter) and each container contained 45 g moist soil (Fig. 1) . Four replicates of each treatment were established and a total of 15 mg labeled wheat-straw powder was added as food to each replicate throughout the exposure test. At the start of exposure, 15 synchronized F. candida individuals (10e12 days) were carefully transferred into each container and 10 mg 15 Nlabeled wheat-straw powder was scattered evenly on each soil surface as food. On the seventh day each container was replenished with 5 mg 15 N-labeled wheat straw powder. After exposure for 14 days, ten individuals of H. aculeifer (adult females, 32e35 days) were introduced into each container to construct a collembolanpredatory mite food chain test system. The exposure of F. candida prior to H. aculeifer aimed at producing sufficient food for the predatory mite (Jensen and Scott-Fordsmand, 2012) and ensuring the comparability of F. candida testing as generally 10 or 15 individuals of F. candida were added in its single species test (Bur et al., 2010) . The provision of 15 N-labeled wheat-straw powder halted after addition of the predatory mite. Replace of lost water continued by dripping deionized water onto the soil surface twice a week. The total duration of the test exposure was 56 days. After exposure the containers were placed in a controlled temperature gradient extractor and ramped from 25 to 45 C for two days to extract the animals from the soil (Fountain and Hopkin, 2001 ). The extracted animals were suspended on the surface of water by adding 10 mL deionized water mixed with a drop of blue ink (Specification: 232, Hero Fountain Pen Factory Co., Ltd, Shanghai, China). Subsequently, the suspended animals were photographed to count and measure body lengths of F. candida using the Image J 1.47a software package (National Institutes of Health, Bethesda, MD). Finally, the extracted animals were divided into four classes, namely F. candida juveniles, F. candida adults, H. aculeifer juveniles and H. aculeifer adults. They were then placed on humid filter paper to remove interfering substances from their guts. The animals were ultrasonically cleaned for 15 min, dried at 60 C for 2 days, weighed in a Model XS3DU automatic electronic balance (precision ± 1 mg, Mettler Toledo, Columbus, USA) and stored in a desiccator at 4 C prior to analysis.
Chemical analysis
Cadmium concentrations of the animal tissues were determined according to the method of Zhu et al. (2016b) . Briefly, the weighed animals were digested at 105 C for 4 h with 50 mL of a 3:1 mixture of ultrapure nitric acid and hydrogen peroxide (Nanjing Chemical Reagent Co., Ltd., Nanjing, China) in small glass test tubes which were inserted into a high pressure digestion vessel.
Approximately 0.20-g air-dried soil samples were digested with 10 mL mixed acid (HCl: HNO 3 ) to determine total Cd concentrations (Luo et al., 2014b) . The aging soil was extracted using 0.01 M CaCl 2 to evaluate Cd availability. Air-dried soil (2 g) was extracted with 0.01MCaCl 2 (20 mL) by shaking for 2 h at 20 C, then centrifuging at 3000 rpm for 10 min and filtering through a 0.45 mm membrane filter to obtain the exchangeable solution.
Cadmium concentrations were determined by graphite furnace atomic absorption spectrophotometry (Varian 220FS, 220Z, Palo Alto, CA). The quality of the animal and soil Cd determinations was controlled with replicate samples, blanks, and certified reference materials (GBW10051, pork liver and GBW07401, a dark brown podzolic soil, provided by the Institute of Geophysical and Geochemical Exploration, Langfang, Hebei, China). The Cd recoveries of the reference materials were always between 85 and 115%. 
Statistical analysis
Analysis of variance (ANOVA), Student's t-test and least significant difference (LSD) test were performed using the IBM SPSS v. 21 statistics software package at the 5% level and data are expressed as mean ± standard error (SE). The LC values for F. candida survival were calculated by a generalized linear model with a binomial distribution and logit link function fit, and significant effects of Cd pollution on adult survival were undertaken by the generalized linear model with a binomial distribution that employs the chisquare test to analyze significance (P < 0.05) in R version 3.3.1. The ECx values were computed with a dose-effective curve based on a four-parameter Weibull model for F. candida and a Cedergreen-Ritz-Streibig model for H. aculeifer using the package 'drc' version 2.5e12 of R version 3.3.1, and the lowest observed effect concentration (LOEC) was calculated by comparison of the differences between treatments and the control. Significance analysis between EC values employed the t-test based on the EC value obtained and its standard deviation (P < 0.05). For frequency analysis of F. candida body lengths, the width of body length subrange was set to 0.1 mm and the total F. candida individual number of each treatment in each sub-range was counted and is presented using OriginPro 9.1. 
Results
Body length of F. candida
The body lengths of F. candida adults (F 6, 137 ¼ 59.03, P < 0.01) and juveniles (F 6, 555 ¼ 5.39, P < 0.01) changed significantly after exposure to Cd (Fig. 2) . Mean values of adult length increased with increasing soil Cd concentration from 0 to 50 mg Cd kg À1 and decreased between 50 and 400 mg Cd kg À1 (Fig. 2b) , and mean values of juvenile length showed a downward trend overall (Fig. 2d) , and their percentage was >46% (Fig. 2a) . The percentage of adults with length >1.5 mm was highest at 50 mg Cd kg À1 (>22%). With the sole exception of the 100 mg Cd kg À1 treatment the percentage of juveniles in the range 0.2e0.5 mm increased with increasing Cd concentration (Fig. 2c ).
Survival and reproduction
The number of F. candida adults decreased significantly except at 50 mg kg À1 (F 6, 21 ¼ 17.95, P < 0.01) with increasing soil Cd concentration and the number of H. aculeifer adults, >7 individuals, showed no significant change (Fig. 3a) . Notably, the survival of F. candida adults was significantly lower than at 0 mg Cd kg
À1
, by 22% between 12.5 and 25 mg Cd kg À1 (t-test, P < 0.05). The number of adults showed an upward trend at 50 mg Cd kg
. Soil Cd concentration and reproduction showed a good doseresponse relationship (Fig. 3b) 
Cadmium toxicity threshold
The EC10, EC50 and LOEC values of reproduction of H. aculeifer were lower than those of survival or reproduction of F. candida (ttest, P < 0.05), and the differences in sensitivity among indicators (survival, reproduction and body length) on the basis of total soil Cd were consistent with those based on extractable Cd (Table 1) . Taking EC50 as the toxicity threshold, the five indicators followed the sequence in sensitivity H. aculeifer reproduction > F. candida reproduction ¼ F. candida survival > F. candida adult length ¼ F. candida juvenile length and the values based on soil Cd concentration were 35.0, 91.6, 136, 513 and 524 mg Cd kg À1 , respectively.
Soil exchangeable Cd concentration
The CaCl 2 -extractable Cd concentration increased with the soil Cd nominal concentrations ( Table 2 ). The CaCl 2 -extraction efficiency was 0.28e0.52 and increased with increasing soil Cd concentration.
Cadmium concentrations of animal tissues
Cadmium concentrations in animal tissues increased highly significantly (F-test, P < 0.01) with increasing soil Cd concentration (Fig. 4) . Cadmium concentrations of F. candida adults reached maximum values (500e600 mg Cd g À1 ) within the range 100e400 mg Cd kg À1 (Fig. 4a) and 400 mg Cd kg À1 (Fig. 4c) . Under the same soil Cd concentration conditions the Cd concentration of H. aculeifer juveniles was higher than that of the adults and, in contrast, the Cd concentration in F. candida juveniles was lower than in the adults. Omitting 0 mg Cd kg
À1
, the bioconcentration factors of F. candida (adults: 1.54e6.52, juveniles: 2.12e2.89) were higher than those of H. aculeifer (adults: 0.28e0.65, juveniles: 0.56e0.75) on the basis of soil Cd concentration. . Dose-response relationship of the survival ((a) mean number of adults ± SE, n ¼ 4) and the reproduction ((b) mean number of juveniles ± SE, n ¼ 4) of F. candida and H. aculeifer exposed to Cd contaminated soil (based on nominal concentrations), respectively. Different letters indicate significant differences (p < 0.05) among Cd exposure treatments (the chi-square test for survival data and LSD test for reproduction data) in F. candida or H. aculeifer.
Atom%
N of animal tissues
With the exception of 100 mg Cd kg
À1
, a significant dose-related reduction in the 15 N abundance of animal tissues was observed (Ftest, P < 0.01) in Cd-contaminated soils (Fig. 5) 
Discussion
Classic indicators
To our knowledge, the present study is the first to report the EC50 value (35.0 mg Cd kg À1 ) of H. aculeifer reproduction in terms of Cd toxicity. It also indicates, somewhat surprisingly, that the sensitivity of H. aculeifer reproduction is higher than that of F. candida towards soil Cd pollution (t-test, P < 0.05). H. aculeifer has a continuous and thick exoskeleton and has been generally considered to be a tolerant species (Jansch et al., 2005 (Owojori et al., 2014) . Moreover, in seawater or a gradient of NaCl-spiked soil F. candida was found to have higher salt sensitivity than H. aculeifer and phosphogypsum was more toxic to F. candida than to H. aculeifer (Hentati et al., 2015) . A comparison of Cd toxicity between H. aculeifer and F. candida could not be made due to a lack of available data in the literature on single species tests. There is only one report of studies on the effects of Cd contaminated soils collected from a former iron mine on H. aculeifer, which also showed that H. aculeifer had a low sensitivity to Cd polluted soils in the single species test (Madani et al., 2015) . These results suggest that the difference in reproduction sensitivity between H. aculeifer and F. candida for Cd might produce a change in our model food chain test system due to predator-prey interactions (Fig. 6) . A similar study with a soil multispecies test system also indicates that the EC10 value for Cu (240 mg kg À1 ) of the predatory mite H. aculeifer was slightly lower than that (375 mg kg
À1
) of the collembolan Folsomia fimetaria (exposure duration: 56 days) (Scott-Fordsmand et al., 2008 ). In our model food chain and previous soil multi-species test systems, the amount of prey available to the predatory mite has been restricted and the prey has been introduced only prior to the predatory mite. However, in the single species test the predatory mite is supplied with sufficient prey and fresh prey individuals are added regularly (OECD, 2008) . In Cd polluted soil there are two pathways of exposure to the predatory mite, namely ingestion and contact (Heckmann et al., 2005; Pereira et al., 2015) . The limited supply of prey might lead to starvation of the predatory mite and starvation would retard the locomotory behavior of the predatory mite due to energy depletion (Baatrup et al., 2005) . This could extend the contact time between the predatory mite and the soil solution and thus increase the adverse effect of the Cd. On the other hand, a large amount of Cd accumulated in the prey tissues during the long exposure time in our test system, and this would contribute to the sensitivity of the predatory mite (Fig. 6 ). Clearly, with increasing soil Cd concentration the mass mortality of the prey collembolan would indirectly bring about the death of the predator mite. A study of two-species toxicity test systems also suggests that a decrease in the availability of prey can make an important contribution to the decline in H. aculeifer reproduction under exposure to high concentrations of the insecticide dimethoate (Hamers and Krogh, 1997) . Cadmium would exert more toxicity to higher trophic levels through predator-prey interactions (Fig. 6 ). The present model food chain test system was also closer to conditions in the natural environment in which the numbers of predators are restricted largely by the prey in real soil food webs.
Reproduction ) using the single species test (Crommentuijn et al., 1997; van Gestel and Mol, 2003; Bur et al., 2010; . The above-mentioned data show that EC50 values of F. candida reproduction based on total Cd vary widely in different studies and differences in soil properties may be an important contributory factor. Animals suffer from an adverse effect because of exposure to the bioavailable fraction of metal in the soil (Smith et al., 2012) . Soil metal ). The LCx values were calculated by a generalized linear model with a binomial distribution and logit link function fit, the ECx values of F. candida and H. aculeifer were estimated, respectively, through a four-parameter Weibull model and a Cedergreen-Ritz-Streibig model, and the LOEC values were calculated using analysis of variance (significant differences: p < 0.05). The symbol (À) indicates that the value ranges are unavailable.
Table 2
Cadmium concentrations in the soil aged for more than five years (nominal and measured values) and corresponding concentrations in the 0.01 M CaCl 2 -exchangeable fraction (mean ± SE, n ¼ 3, mg kg bioavailability is typically estimated using the soil solution or extraction with water or CaCl 2 (Hobbelen et al., 2004) . Recent studies also show that CaCl 2 -extractable Pb concentrations in combination with soil properties could best explain the effect on F. candida reproduction in a single species test (R 2 ¼ 0.82) (Luo et al., 2014a) . We also carried out a standard single species test of F. candida in the present soil two days after Cd addition (data not published) and the EC50 value (6.12 mg Cd kg À1 ) of F. candida reproduction based on CaCl 2 extraction was clearly lower than that (29.4 mg Cd kg À1 ) in the present study (t-test, P < 0.05). This suggests that predator-prey interactions may play an important role in reducing the sensitivity of F. candida reproduction to soil Cd pollution. We postulate that in a certain range of Cd concentrations the numbers of collembolans captured by the predatory mites would decline and thus maintain prey population numbers with increasing soil Cd concentrations (Fig. 6) . Relatively stable F. candida reproduction was observed from 0 to 50 mg Cd kg À1 in our study and the fact that the atom% 15 N of H. aculeifer decreased significantly at a Cd concentration range of 12.5e50 mg Cd kg À1 compared to the control, which reflects the decline of predation on collembolans by the mites at the range, supports our hypothesis. Many data in ecological studies have demonstrated that predators can mediate prey population numbers by changing feeding intensity (Yoshida et al., 2003; Lensing and Wise, 2006) . The present study indicates that, compared to the single species test, H. aculeifer showed a higher sensitivity to Cd and the sensitivity of F. candida would decrease in our model food chain test system and this agrees well with our assumption that the predatorprey relationship would influence species sensitivities to soil Cd pollution (Fig. 6) . Similarly, Schnug et al. (2014) also suggested that interspecific competitive interactions might alter the toxicity of biocides in a soil multi-species test system that included collembolans.
Since our test system offers the advantages of smaller numbers of test animals, ease of operation, the availability of more comprehensive information including classic endpoints and predator-prey relationships, and a situation more similar to the natural environment, the improved model food chain test method has great potential for investigating direct and indirect effects of predator-prey relationships under pollution scenarios.
Cadmium accumulation in the collembolan-predatory mite food chain
The present study shows that Cd can accumulate in a collembolan-predatory mite food chain through soil exposure and can produce biomagnification in the collembolan F. candida. The Cd concentration in F. candida adults was almost ten times higher than that in H. aculeifer adults. In Cd spiked soil exposure, F. candida absorbed sufficient Cd from the soil solution by drinking and via the ventral tube (Hopkin, 1997; and H. aculeifer might experience lower exposure to the soil solution due to its continuous exoskeleton with a rigid dorsal shield (Jansch et al., 2005; Pereira et al., 2015) . This might be the main explanation for the high Cd accumulation in F. candida. The Cd concentration in F. candida adults remained stable (500e600 mg Cd g À1 ) and F. candida adults died suddenly between 100 and 400 mg Cd kg À1 in soils, suggesting that the lethal body concentration (LBC) of Cd for F. candida adults was 500e600 mg Cd g
À1
. The result is slightly lower than that reported (LBC: 600e700 mg Cd g À1 )
by van Gestel and Hensbergen (1997) and is about double the value of 200e300 mg Cd g À1 reported by Fountain and Hopkin (2001) . The LBC of Cd for F. candida juveniles in our study ranged from 181 to 267 mg Cd g
, values clearly higher than the 15e52 mg Cd g À1 obtained by van Gestel and van Diepen (1997) and van Gestel and Hensbergen (1997) 
Changes in N transfer content
The N content of the animal tissues declined sharply from the litter in our study with increasing soil Cd concentrations from 100 to 400 mg Cd kg À1 and this strongly supports our hypothesis that 
Predation Prey restriction
Higher sensitivity in H. aculeifer than in F. candida Fig. 6 . Conceptual model illustrating the mechanisms by which double-stress (Cd stressor and predator-prey interactions) affects predatory mite and prey collembolan and results of the effect. The direction of the effects (À) shows that the adverse effect on animals increases with increasing Cd exposure concentration. The upward red filled arrows represent the adverse effect of Cd stressor on animals' increases due to predator-prey interactions, and the downward red filled arrows indicate the adverse effect of Cd stressor on animals' declines due to predator-prey interactions. Predator-prey interactions in the soil collembolan-predatory mite food chain test system can influence the toxicity of Cd to animals by predation and food restriction. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) directly or on fungi decomposing the litter (Chahartaghi et al., 2005; Pfeffer et al., 2010; Semenina and Tiunov, 2011) , and the increased N content of H. aculeifer tissues was derived from the prey (OECD, 2008) . The body length and survival of F. candida declined significantly at 100e400 mg Cd kg À1 in our study, indicating suppression of its metabolism and suggesting a decrease in the ability of F. candida to acquire N from the litter. Alternatively, the amount of litter decomposing fungi consumed by F. candida may have declined due to changes in the quantity and quality of the fungi via Cd pollution (Duarte et al., 2008) . F. candida can discriminate between high and low quality food sources (Pfeffer et al., 2010; Nakamori and Kaneko, 2013) and can thus avoid food highly contaminated with heavy metals (Gillet and Ponge, 2003) . H. aculeifer survival did not produce any clear change in exposure to Cd pollution in our results, indicating that shortages of prey might be the main explanation for declining N in H. aculeifer tissues. At 100 mg Cd kg À1 the numbers of F. candida adults and juveniles decreased sharply and Cd had exerted substantial toxicity to them, suggesting that more F. candida might have been consumed by H. aculeifer due to inhibition of F. candida by Cd. This may be the main explanation for the increase in N in H. aculeifer tissues at 100 mg Cd kg
À1
. Several comparable studies also show that a high concentration of the insecticide dimethoate dramatically increased the rate of capture of F. candida by H. aculeifer, likely by suppressing the evasive behavior of F. candida (Hamers and Krogh, 1997; Baatrup et al., 2005) . Moreover, though the highest atom% (3.35 ± 0.13) of F. candida tissues was lower than that (5.5) of its food wheat, the atom% value in F. candida clearly showed that N of wheat has been largely absorbed by collembolans and could satisfy our need to reflect N transfer in the model food chain from wheat. These results suggest that the 15 N labeled litter addition method can assess soil functional change by detecting the change in N transfer content in animal tissues. The litter-bag method and bait-lamina method have been conventionally used to assess changes in soil function in previous studies (R€ ombke, 2014) . However, using the litter-bag method it is difficult to identify the contribution of the soil fauna or microbial community to the change in soil function, and the link between the endpoint of the bait-lamina method (feeding rate) and soil function remains controversial (R€ ombke, 2014) . Compared with these two methods, our established 15 N labeled litter addition method can quantitatively, easily and directly determine the change in soil function by 15 N tracer due to the contribution of soil animals. Moreover, the 15 N labeled method can be easily combined with the classic OECD test method.
Conclusions
Under conditions of soil Cd exposure, H. aculeifer reproduction was a more sensitive parameter than the growth, survival or reproduction of F. candida in a soil collembolan-predatory mite food chain test system. The internal Cd concentration of the animals can intuitively reveal the ecological risk of Cd, especially in H. aculeifer juvenile tissues. The predator-prey interactions in the food chain will increase the sensitivity of a higher trophic level to pollution by toxicity and food restriction, and the feeding of the predator can maintain the scale of the prey population at low Cd exposure levels and rapidly reduce prey numbers in high Cd conditions by increasing the capture rate. Soil Cd pollution will restrict N nutrient transfer in the model food chain. The improved model food chain test method coupled with our established 15 N labeled litter addition method is well suited to increasing our understanding of the secondary effects of pollution driven by predatorprey interactions and soil food chain functional change.
